P
eople living with HIV infection experience a 2-fold greater risk of vascular disease, myocardial infarction, or stroke, as well as a 2-to 4-fold greater incidence of elevated fasting glucose or hyperinsulinemia than the general population (1) (2) (3) . The underlying mechanisms remain unclear. These non-AIDS comorbidities persist despite combination antiretroviral therapy (cART) and HIV suppression. They have been associated with chronic lowgrade systemic inflammation, residual immune cell activation, and monocyte-macrophage migration into adipose depots (4, 5) . Therapies targeted at reducing chronic immune cell activation and inflammation have been tested in cART-treated HIV-infected (HIVϩ) adults with suppressed viremia (6) . However, no safe and effective treatment for reducing inflammation and immune cell activation in HIVϩ adults exists.
Sitagliptin is a dipeptidyl peptidase-4 (DPP4) inhibitor (DPP4i) that represents a growing class of antidiabetic drugs that inhibit DPP4 enzyme activity and an exopeptidase that cleaves two N-terminal amino acids from the incretin hormones glucagon-like peptide (GLP)-1 and glucose-dependent insulinotropic polypeptide (GIP), which restricts their actions (7, 8) . Sitagliptin inhibits circulating soluble DPP4 (sDPP4) enzyme activity and prolongs the circulating half-life of GLP-1 and GIP, indirectly enhancing insulin secretion and action (9) . GLP-1 and GIP activate ubiquitously expressed G protein-coupled receptors (9) that exert several metabolic actions (9 -14) .
Sitagliptin also acts on DPP4 enzyme activity that resides in the CD26 cell surface receptor present on monocytes and T-lymphocytes (9) , where it plays a role in proinflammatory signaling, immune regulation, and signal transduction (15) . The number of DPP4/CD26ϩ T cells and sDPP4 enzyme activity are elevated in type 2 diabetes mellitus (T2DM) (15) . Sitagliptin appears to have antiinflammatory properties in T2DM, reduced circulating markers of inflammation (eg, high-sensitivity C-reactive protein [hsCRP] and IL-6), reduced monocyte expression of mRNA transcripts associated with inflammation (16) , and reduced adipose-resident M1 macrophage polarization in obese rodents (17) . sDPP4 may function as an adipokine and contribute to insulin resistance in obesity (18) . Sitagliptin appears to have hematopoietic and vascular effects. In T2DM, sitagliptin mobilized bone-derived endothelial progenitor cells that can repair damaged vascular endothelium and improve function (19, 20) . The potential beneficial pleiotropic actions of sitagliptin on systemic and adipose-resident inflammatory markers have not been adequately tested in cART-treated HIVϩ adults.
Previously, we found that sitagliptin (100 mg/d, 16 -24 wk) did not adversely affect virological or immune status in cART-treated HIVϩ adults with normal glucose tolerance (21) . Whether sitagliptin reduces inflammation and immune cell activation in HIVϩ adults with impaired glucose tolerance (IGT) is unknown. If effective, sitagliptin may target two common conditions in HIVϩ adults that can synergistically worsen cardiovascular disease (CVD) risk: IGT and inflammation/immune cell activation. We conducted a randomized, placebo-controlled, doubleblind 8-week trial of sitagliptin in 36 HIVϩ men and women with IGT. The primary hypothesis was that sitagliptin will reduce circulating levels of inflammatory markers known to be elevated in cART-treated HIVϩ adults (hsCRP, IL-6, D-dimer, soluble CD14 [sCD14], C-X-C motif chemokine 10 [CXCL10]). The secondary hypotheses were that sitagliptin will reduce adipose-resident M1 macrophage mRNA transcript expression, increase circulating endothelial progenitor cell number, and improve glucose homeostasis and ␤-cell function in cARTtreated HIVϩ adults with IGT. We also hypothesized that reductions in inflammatory markers would be independent of improvements in glucose tolerance.
Subjects and Methods

Participants
HIVϩ adults (18 -65 y old) were recruited from the AIDS Clinical Trials Unit, the Infectious Diseases Clinics, and the Research Participant Registry at Washington University School of Medicine.
HIVϩ participants were stable on cART for the prior 6 months (see Table 2 ) with stable immune (CD4ϩ T-cell count Ն 300 cells/L) and virological (plasma HIV RNA Ͻ 100 copies/ mL) status. None of the participants had an AIDS-defining diagnosis, chronic kidney or liver dysfunction, heart failure, a history of pancreatitis, active malignancy, or T2DM, and none were taking antidiabetes medications. Participants had impaired fasting glucose or abnormal oral glucose tolerance on screening, fasting plasma glucose 100 -125 mg/dL or 2-hour glucose concentration 140 -200 mg/dL during a 75-g oral glucose tolerance test (oGTT), or fasting homeostatic model assessment of insulin resistance (HOMA-IR) of 2.5-6.0. This study was approved by the Human Research Protection Office at Washington University School of Medicine. All participants provided informed consent before participating. The study was registered with ClinicalTrials.gov (NCT 01552694). Figure 1 summarizes the screening and randomization for participants enrolled in this trial. Sixty-three potentially eligible candidates were screened, 25 were ineligible (Figure 1) , and 38 were block randomized to placebo (n ϭ 20) or sitagliptin 100 mg/d (n ϭ 18) for 8 weeks. One placebo recipient was lost to follow-up, and one started an exercise program while on study. Both were excluded from data analysis, so the final analysis included 18 subjects per group (Table 1) .
Screening
A fasting, 2-hour oGTT with insulin, C-peptide, and glucagon monitoring was performed at screening and week 8. Glu-cose, insulin, C-peptide, and glucagon areas under the curve (AUCs) were quantified using the trapezoid rule. At screening and week 8, fasting blood samples were collected for a complete metabolic panel, fasting lipid/lipoprotein panel, complete blood cell count, and CD4ϩ and CD8ϩ T-cell counts. These eligibility/safety analyses were conducted in the Washington University Core Laboratory for Clinical Studies (CLCS).
The research pharmacist distributed a 1-month supply of sitagliptin or matching placebo tablets to each participant at baseline and at the week 4 visit. Participants were instructed to take one tablet with their cART daily. Pill counts were used to determine adherence.
Circulating inflammatory markers
At baseline and week 8, fasting blood was collected, heparinized plasma and serum separated and stored (Ϫ80°C) and hsCRP and D-dimer were batch analyzed in the CLCS using particle-enhanced immuno-turbidimetric assay kits according to the manufacturer's instructions (Roche Diagnostics). D-dimer and hsCRP were complexed with latex particles coated with a monoclonal antibody directed against D-dimer or C-reactive protein epitopes, and the precipitate was assayed for turbidity on a Roche/Hitachi Cobas c System.
At baseline and week 8, fasting blood was collected into EDTA preservative, plasma was separated and stored (Ϫ80°C) until batch analyzed for sCD14 (diluted 1:1500; 100 L/well), CXCL10 (at baseline, wk 4, and wk 8; undiluted; 75 L/well) using ELISA, and IL-6 (undiluted; 100 L/well) using an ultrasensitive ELISA (R&D Systems). Plates were read at 450 nm and corrected for 570 nm (or 690 nm for ultrasensitive ELISA) as described by the manufacturer. The intra-assay coefficient of variability for these analyses was Ͻ 12%.
Adipose-resident M1 macrophage gene transcripts
At baseline and week 8, participants reported to the Clinical Research Unit after an overnight fast and rested for 1 hour before an adipose tissue sample was obtained. Subcutaneous abdominal adipose tissue (1.5 Ϯ 1.1 g) was aspirated through a small incision in the skin in the periumbilical region using a 4-mm liposuction cannula (Tulip Medical) after the region was anesthetized with lidocaine. The adipose sample was immediately rinsed with ice-cold saline, frozen in liquid nitrogen, and stored (Ϫ80°C) until batch analysis using quantitative RT-PCR for mRNA transcripts: CCL2 (monocyte chemotactic protein-1 [MCP-1]), and EMR1 (EGF-like module-containing, mucin-like hormone receptor 1), the human homolog of mouse F4/80 found on tissue-resident monocytes and macrophages (24) .
Frozen tissue (100 mg) was suspended in 250 L PureZOL (Bio-Rad) and homogenized using a RINO Pink Bead Lysis kit (Bullet Blender Blue 24; MidSci). Total RNA was extracted (Aurum Total RNA Fatty and Fibrous Tissue kit; Bio-Rad) according to the manufacturer's protocol and quantified using a NanoDrop 2000 UV-VIS spectrophotometer (Thermo Scientific).
Total RNA (200 ng) was reverse transcribed to cDNA in a 20-L reaction volume (iScript Reverse Transcription Supermix containing RT buffer, MgCl 2 , dNTP mix, oligo [dT] random primers, RNase inhibitor, and iScript RNase Hϩ MMLV reverse transcriptase; Bio-Rad). Reverse transcription conditions followed the manufacturer's protocol using a Thermal Cycler 480 (Perkin-Elmer).
cDNA preamplification (SsoAdvance PreAmp Supermix; Bio-Rad) was required due to the small tissue sample size and relatively low target mRNA expression in adipose tissue. This reaction master mix is optimized for unbiased, target-specific cDNA preamplification (ϫ 10
3 ) using PrimePCR PreAmp SYBR Green (Bio-Rad). Preamplification used 100 ng cDNA ϩ 5 nmol primer template/target in 50-L reaction volume, containing 25 L SsoAdvanced Pre-Amp Supermix (antibody-mediated hotstart Sso7d fusion DNA polymerase, dNTPS, salts; Bio-Rad) and reaction conditions (hold 95°C for 3 min, 95°C for 15 s, 58°C for press.endocrine.org/journal/jcem4 min, hold 4°C until cycle end ϫ 12 cycles) using an EP-Gradient S Mastercycler (Eppendorf). Before quantitative PCR, all preamplified cDNA templates were diluted 1:5 in water.
RT-PCR amplification and quantitation were performed in custom-designed 384-well Prime PCR Assay plates (Bio-Rad) using a C1000 Touch Thermal Cycler/CFX384 (Bio-Rad). Each well contained lyophilized primers for MCP-1, EMR1, HPRT-1 (reference gene; hypoxanthine phosphoribosyltransferase-1), mRNA degradation, and assay controls (RQ1/RQ2, gDNA, and negative PCR). Preamplified cDNA was added to each well with SsoAdvanced Universal SYBR Green supermix (Bio-Rad) to 10 L total reaction volume. Quantitative PCR conditions were according to manufacturer's protocol and were followed by melt curve analysis.
Circulating endothelial progenitor cells
At baseline and week 8, 20 mL fasting blood was collected into EDTA tubes and diluted 1:1 with sterile saline, and peripheral blood mononuclear cells (PBMCs) were isolated using a modified density gradient separation (2 ϫ 20 mL Lymphoprep tubes; Axis Shield). Mononuclear cells form a distinct band at the density gradient interface after centrifugation (800 ϫ g, 15 min). PBMCs were harvested and concentrated by diluting with sterile saline and centrifugation (350 ϫ g, 15 min). PBMC pellets were collected and suspended in red blood cell lysis buffer (5 mL, 5 min, FACS Lysing Solution; BD Biosciences), and the cleared PBMC pellet was harvested after addition of 5.0 mL PBS and centrifugation (350 ϫ g). The pellet was resuspended in 1.0 mL FACS Blocking/Staining buffer (PBS, 1% BSA, 40% goat serum, 30 min), cell number was determined in a hemocytometer, and 1 ϫ 10 6 cells/label reaction was used for fluorescence-assisted cell sorting.
To identify and count endothelial progenitor cells, cell aliquots were stained (30 min in the dark) with fluorescent antibodies (CD34-Fluorescein isothiocyanate; Santa Cruz Biotechnology; and VEGF-R2-KDR-Phycoerythrin; R&D Systems), along with respective IgG isotype controls. Stained cells were washed twice (PBS ϩ 0.05% BSA), resuspended in 1% formalin buffered PBS, counted on a FACS Calibur-3 flow cytometer (Becton Dickinson), and data processed using FlowJo software.
Statistical analysis
Mean Ϯ SD are reported. Continuous variables measured at baseline were compared using a two-sided t test, and categorical variables were compared using 2 or Kruskal-Wallis analysis. After treatment, between-group comparisons (two-sided t test) were conducted by calculating each participant's delta score (week 8 Ϫ baseline) for each outcome, except adipose tissue mRNA expression. Adipose mRNA transcript data were expressed as fold change from baseline using the comparative C T (2 Ϫ⌬⌬C T ) method; these were compared between groups using a two-sided t test. Spearman rank correlation examined relationships between changes in inflammatory/immune activation markers, fold change in adipose mRNA expression, and changes in glucose tolerance. A P value Ͻ .05 was accepted as statistically significant.
Results
Baseline characteristics
The groups were matched for baseline demographics, but more African Americans were randomized to sitagliptin than placebo (Table 1 ; P ϭ .002). All 36 participants had undetectable (Ͻ100 HIV RNA copies/mL) plasma viremia and were stable on cART, and antiviral drug classes used were not different between groups (Table 2) . Most participants (ϳ56%) were taking nucleoside reverse transcriptase inhibitor (NRTI) ϩ non-NRTI-based regimens (most commonly emtricitabine ϩ tenofovir ϩ efavirenz [Atripla]), fewer (ϳ24%) were taking protease inhibitor-based regimens (ritonavir-boosted darunavir or lopinavir or atazanavir), and fewer still (ϳ20%) were taking raltegravir (integrase inhibitor). During the study, participants did not alter their cART, and plasma HIV RNA remained Ͻ 100 copies/mL in all participants. Despite randomization, baseline fasting triglycerides and insulin concentrations, HOMA-IR, and HOMA-%␤ were lower in the sitagliptin group (P Ͻ .04; Table 3 ). Baseline oGTT glucose, insulin, C-peptide, and glucagon AUCs, and total, low-density lipoprotein (LDL), and high-density lipoprotein (HDL) cholesterol concentrations were not different between the groups (Table 3) . Baseline plasma IL-6 and sCD14 concentrations were higher in placebo than sitagliptin (P Ͻ .02), but baseline CD4ϩ/CD8ϩ helper/ suppressor ratio, hsCRP, D-dimer, and CXCL10 concentrations were not different between the groups (Table 4) .
Weight and hormone concentrations
Adherence was 97 Ϯ 2% (range, 93-100%) to placebo and 96 Ϯ 5% (range, 83-100%; P ϭ .28) to sitagliptin. Baseline body weight, body mass index (BMI), and waist circumference were not different between the groups, and small changes in weight and BMI were not significantly different between the groups during the intervention (Ta- ble 3). Both glucose AUC (P ϭ .002) and the OGIS 120 (P ϭ .04) improved more in the sitagliptin group than the placebo group (Table 3) . After 8 weeks, the small changes in insulin, C-peptide, and glucagon AUCs during oGTT and the small changes in serum triglycerides, total, LDL, and HDL cholesterol concentrations were not different between the groups (Table 3) .
Circulating inflammatory and chemokine markers
Plasma hsCRP at week 8 and CXCL10 concentrations at weeks 4 and 8 declined more in the sitagliptin group than the placebo group (P Յ .008; Figure 2 ). Small changes in the CD4ϩ/CD8ϩ helper/suppressor ratio and D-dimer and IL-6 concentrations were not significantly different between the groups (Table 4) . Paradoxically, plasma sCD14 concentration declined more in the placebo group than the sitagliptin group.
Adipose tissue markers
Adipose tissue MCP-1 mRNA abundance declined significantly more in the sitagliptin group than the placebo group (P ϭ .01; Table 4 ). Adipose tissue EMR1 mRNA abundance tended to decline more in the sitagliptin group (Ϫ1.9 Ϯ 2.3 fold change from baseline) than in the placebo group (Ϫ0.7 Ϯ 1.3 fold change), but this did not achieve statistical significance (P ϭ .19).
Circulating endothelial progenitor cells
At baseline, circulating endothelial progenitor cells represented a small percentage of PBMCs in HIVϩ adults (placebo, 0.9 Ϯ 1.9% [n ϭ 11], sitagliptin, 0.4 Ϯ 0.8% [n ϭ 12]). Sitagliptin increased endothelial progenitor cell number (0.7 Ϯ 0.2%; ⌬ ϭ ϩ0.3 Ϯ 0.6%) more than the decline after placebo (0.7 Ϯ 0.1%; ⌬ ϭ Ϫ0.2 Ϯ 0.5%; P ϭ .04).
Correlations
We conducted correlation analyses between the changes in hsCRP or CXCL10 or MCP-1 mRNA expression and the changes in OGIS 120 or glucose AUC in the sitagliptin group. Reductions in CXCL10, hsCRP, and adipose MCP-1 mRNA transcript expression were not re- 
Discussion
The findings suggest that 8 weeks of sitagliptin had beneficial anti-inflammatory, immune regulatory, hematopoietic progenitor cell-mobilizing, and glucose-lowering effects in cART-treated virally suppressed HIVϩ adults with IGT. In cART-treated HIVϩ adults, plasma hsCRP is a marker for persistent immune cell activation and is associated with greater vascular endothelial activation markers, rates of thrombosis, and carotid intima media thickness-CVD risk factors (25) (26) (27) . In this study, sitagliptin reduced plasma hsCRP concentration, whereas hsCRP increased in placebo-treated participants. Sitagliptin reduced the concentration of plasma CXCL10, a chemokine secreted from monocytes and endothelial cells in response to interferon-␥, HIV-related proteins (Tat, Nef, gp120), and lipopolysaccharide (LPS) binding to tolllike receptor-4 present on immune cells (28) . Plasma CXCL10 binds a G protein-coupled receptor (CXCR3A/B) present on endothelial and vascular smooth muscle cells and functions as a chemoattractant to recruit monocytes/macrophages, T cells, and other immune cells to sites of inflammation (28) , and CXCL10 promotes T-cell adhesion to endothelial cells during atheroma formation (29) . These findings support our working hypothesis that sitagliptin-induced reductions in circulating inflammatory and chemokine markers, while increasing endothelial progenitor cell number, have the potential to reduce CVD risk and complications in cART-treated HIVϩ adults with chronic, residual immune activation/inflammation that are predictors for CVD events.
Sitagliptin reduced MCP-1 mRNA abundance in sc abdominal adipose tissue. MCP-1 is a chemokine that recruits macrophages into adipose tissue (30) and contributes to adipose tissue inflammation. MCP-1 mRNA expression is often increased in obese or insulin-resistant adults (31) and can function as an adipokine that induces skeletal muscle and hepatic insulin resistance when released into the circulation. Adipose MCP-1 mRNA expression was elevated in cART-treated, lipodystrophic HIVϩ adults and correlated with liver adipose content (5). Adipose MCP-1 expression was reduced after insulin-sensitizing interventions; eg, gastric bypass surgery (32) and pioglitazone in HIV-seronegative people with IGT (31) . Because of its role in adipose tissue inflammation, dysfunction, and metabolic complications, MCP-1 could be a therapeutic target. This may be particularly relevant in cART-treated HIVϩ adults with chronic immune activation, inflammation, metabolic complications, and increased risk of T2DM and CVD events. The observed reduction in adipose MCP-1 mRNA expression suggests that sitagliptin is a viable therapy for adipose inflammation and IGT in cART-treated HIVϩ adults. Longer-term studies need to determine whether sitagliptin-induced reductions in immune cell activation, adipose and systemic inflammation markers, and improvements in glucose tolerance translate into fewer CVD events in HIVϩ adults.
There were some limitations and unanticipated observations. In T2DM, sitagliptin typically reduces fasting in- sulin, C-peptide, and glucagon concentrations and AUCs during an oGTT. In the current study, there were trends for greater decrements in AUC for these glucoregulatory hormones during an oGTT, but between-group differences were not statistically significant. Perhaps sitagliptin would lower these hormone levels in HIVϩ adults with T2DM. It is possible that a greater number of participants (insufficient statistical power; false negative finding), or a longer sitagliptin treatment period is required in HIVϩ adults. The glucagon antibody used may lack specificity; several glucagon antibodies cross-react with other glucagon gene products (oxyntomodulin, glicentin, GLP-1, GLP-2); some of these are DPP4 substrates that could artifactually increase the measured glucagon concentration in sitagliptin-treated participants and explain our observation.
D-dimer and IL-6 concentrations are typically elevated in HIVϩ individuals, especially cART-naive HIVϩ adults, where these systemic inflammatory markers have been associated with undesirable comorbidities and mortality (25, 33) . They were not reduced in either group after the intervention. D-dimer is a fibrin degradation product, and IL-6 is a proinflammatory cytokine produced by monocytes, lymphocytes, and vascular endothelial cells. Both are reduced upon cART initiation in HIVϩ adults. When cART was interrupted (34) , D-dimer and IL-6 concentrations increased and were correlated with increased plasma viremia. In the current study, plasma HIV RNA was undetectable in all participants at each time point, and this might explain the lack of change in D-dimer and IL-6 concentrations.
Despite randomization, baseline sCD14 concentrations were higher in the placebo than the sitagliptin group. CD14 is a monocyte cell surface receptor that is released into the circulation as sCD14 in response to pathogen-associated molecular patterns (eg, LPS, other microbial membrane lipids) (35) . In HIV, LPS and other pathogen-associated molecular patterns are believed to translocate from an inflamed gastrointestinal tract, a phenomenon driven by latent HIV-infected CD4ϩ T cells present in the gut-associated lymphoid tissues, and potentially other latent HIV reservoirs (36) . In HIVϩ adults, plasma sCD14 concentration is typically elevated and is considered a marker for microbial translocation-associated monocyte activation that correlates with mortality and comorbid conditions (35, 37) . In the sitagliptin group, the average baseline sCD14 concentration was unusually low (1899 Ϯ 487 ng/mL), and it may not have been possible for sitagliptin to lower it further. In the placebo group, the average baseline sCD14 concentration was unusually high (3331 Ϯ 1836 ng/mL) and declined modestly after 8 weeks (2917 Ϯ 1523 ng/mL), but the 8-week value remained above normal. In the sitagliptin group, both baseline and 8-week sCD14 values were closer to normal (ϳ2000 ng/mL), significantly lower than that in the pla- press.endocrine.org/journal/jcemcebo group, and may explain the lack of a sCD14 response in the sitagliptin group. A higher baseline sCD14 concentration might be required for sitagliptin to reduce this monocyte activation marker. In rodents, sitagliptin reduced adipose-resident macrophage number and F4/80 mRNA expression (17) . In the current study, sitagliptin reduced adipose EMR1 mRNA expression, but not significantly more than in the placebo group. Adipose-resident macrophages are more abundant in rodent than human adipose tissue. We employed two amplification procedures in our human adipose samples to reliably quantify low-level EMR1 and MCP-1 transcript expression. Low-level expression may have limited our ability to detect a fold change difference in EMR1 between the groups. We obtained an adequate amount of adipose tissue for this analysis from a subset of participants (n ϭ 11 sitagliptin; n ϭ 6 -7 placebo), so we may have been underpowered to detect a difference in EMR1 in the sitagliptin group. Many cART-treated HIVϩ adults have sc lipoatrophy (5), and this can limit adipose tissue sample size.
Correlation analyses indicated that reductions in plasma hsCRP, CXCL10, and adipose tissue MCP-1 expression were not related to improvements in insulin sensitivity or glucose tolerance. This suggests that the antiinflammatory effects of sitagliptin were independent of its beneficial actions on glucose homeostasis. This implies that IGT is not required to observe the anti-inflammatory actions of sitagliptin in HIVϩ adults. Residual immune cell activation and inflammation are common among cART-treated HIVϩ adults (4), and routine sitagliptin administration may be efficacious, regardless of their glycemic status.
In summary, sitagliptin had favorable anti-inflammatory, immune regulatory, progenitor cell-mobilizing, and glucoregulatory actions in cART-treated HIVϩ adults with IGT. These short-term findings suggest that sitagliptin may reduce CVD risk and events in HIVϩ adults, but large-scale, long-term treatment studies are needed. Taken together with prior findings obtained from HIVϩ adults (21), sitagliptin does not adversely affect virological or immunological status, it improves postprandial hyperglycemia, and it effectively reduces inflammation and immune activation markers that are thought to contribute to non-AIDS comorbidities and mortality.
